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Abstract. We present mid- infrared images at 6.7/im and 
15/xm of "The Cartwheel" (AM 0035-33), the prototypical 
collisional ring galaxy. The observations, taken with ISO- 
CAM, reveal the distribution of hot dust in the galaxy 
and its two companions in the north-east. The intensity 
of the mid-IR emission from the outer star forming ring 
of the Cartwheel shows considerable azimuthal variation 
and peaks at the most active Ha region of the ring. The 
15 /xttz to 6.7 \im flux ratio of 5.2 is the highest among 
all the galaxies of our sample. A surprising result of our 
observations is the discovery of significant emission from 
the inner regions of the galaxy, including the inner ring, 
spokes and nucleus, where previously only low level Ha 
emission had been reported. At 6.7 ^m, this emission is 
stronger than the one from the outer star forming ring, 
and at 15 /im, it represents 40% of the emission from the 
outer ring. The Ha to mid-IR flux ratios from the inner re- 
gions are consistent with the heating of grains from weak 
star formation activity. 
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1. Introduction 

Collisional ring galaxies, of which the Cartwheel is the 
"prototypical" candidate, are believed to form when an 
"intruder" galaxy passes through the center of a rotating 
disk of a larger "target" galaxy (Lynds & Toomre 1976|: 
Theys & Spiegel |1976| ; Appleton & Struck-Marcell |1996 
and references therein). The perturbation triggers a radi- 
ally expanding ring-like density wave on the disk, caus- 
ing massive star formation in the ring (see Appleton & 
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Marston 1997). The symmetry and well defined dynam- 
ical history of ring galaxies has made them ideal candi- 
dates for studies of the phase transition of the interstellar 
medium due to collisionally induced star formation. 



The Cartwheel galaxy was discovered by Zwicky (1941 ) 
at a distance of 121 Mpc (H =75kms _1 Mpc -1 ). It has 
a bright outer ring and an inner ring which is connected 



to the outer one with a series of spokes (see Higdon 1996 
Fig. 1). Three small companion galaxies located north and 
north-east of the ring complete the group. It is still unclear 
which of the companions is the culprit for the creation of 



the Cartwheel ring (Davies & Morton 1982; Struck-Marcel 
& Higdon 1993), but it is likely that each of them contains 
sufficient mass to trigger the generation of the star f ormin g 
ring (see discussion by Appleton & Struck-Marcell 1996 ). 
On-going efforts to simulate the dynamics of the system 
have been focused on the nearby companion G2 (Bosma 
priv. comm.) and on the most distant one, G3, (Struck 
119971 Horellou priv. comm.) which seems to be connected 
to the Cartwheel with a plume of Hi gas (Higdon 1996 ). 

Due to its unique morphology, the Cartwheel has been 



the subject of early o ptical studies (Theys & Spiegel 1976 ; 
Fosbury & Hawardcn 1977|) as w ell as dynamical m odelin g 
(Struck-Marcel & Higdon |l 993] ; Hernquist & Weil |1993| ). 
The outer ring of the Cartwheel (<~ 70" in diameter) is 
expanding, has blue colours and is populated by massive 
star-forming regions (Higdon 1995, Amram et al. 1998). 
Most of the star formation though, appears to occur in a 
localized area of a few H n complexes in the southern sec- 
tor of the ring. The Ha emission, as well as the 20cm and 
6cm radio continuum emission vary as a function of the 
azimuth along the ring and peak in the same region of the 



southern sector (Higdon 1996). Optical and near-IR imag- 
ing show strong radial colour gradients in the disk behind 
the outer ring, which may trace the evolution of the stel- 
lar population in the wake of the density wave (Marcum 



et al. 1992 ). Broad band images obtained with the HST 



(Borne et al. 1997; Appleton 1998) reveal in unprecedent 



detail the distribution of massive young clusters around 
the outer ring, as well as the diffuse and knotty structure 
of the so called "spokes" . 
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The inner ring (~ 18" in diameter) and nucleus of 
the Cartwheel seem gas-poor, have very little Hi (Hig- 
don 1996), and no CO emission has been detected so far 
(Horellou et al. 1995| ). The failure to detect molecules from 
the galaxy may be a matter of sensitivity, or low metalicity 



The standard data reduction procedures described in 
the ISOCAMQ manual were followed (Delaney p997| ) . Dark 
subtraction was performed using a model of the secular 



since recent Ha observations (Amram et al. 1998) indicate 
that there is some low-level star formation in the central 
regions. Furthermore, HST observations clearly show the 
presence of well defined dust lanes, as well as some inter- 
esting compact blue co met-l ike regions on and near the 
inner ring (Struck et al. 1996 ). The heads of the cometary 
structures were suggested to be regions of star formation 
triggered by the passage of dense clouds moving superson- 
ically through the inner-ring gas. Such clouds may result 
from infall from the H I plume, or cloud-cloud collisions in 
the disk. 

Although the galaxy as a whole was detected by IRA S 
at longer wavelengths (Appleton & Struck-Marcell 1987 ), 
our ISOCAM mid-IR observations represent the first de- 
tection and mapping of the distribution of the hot dust 
throughout the galaxy and its nearby companions. 



2. Observations and Data Reduction 

The Cartwh eel gr oup was observed with ISOCAM (Ce- 
sarsky et al. 1996 ) on November 23 1996 ( ISO r evolution 
372). It was part of the ISO (Kessler et al. 
teed time program CAMACTIV (PI. IF. 



199G) guaran- 



Mirabel) which 
prime goal was the mid-IR imaging of more than 20 nearby 
active/interacting galaxies. Two broad band filters cen- 
tered at 6.75 fim (LW2), and 15 pm (LW3), with a lens 
resulting in a 6" pixel field of view, were used to create 
a 2x2 raster map. The mid-IR maps cover the Cartwheel 
galaxy and the two nearby companions Gl and G2. More 
details on the observational parameters are presented in 
Table |l} 



Table 1. Observational parameters 



Name: 
Coordinates: 

Observations: 



Filters: 



Exposure times: 



The Cartwheel 

a(J2000) 

<5(J2000) 

Instrument 

Date 

Field of view 
Pixel size 
6.75pm (LW2) 
15pm (LW3) 
Number of frames 
Frame exposure time 
Total LW2 exposure 
Total LW3 exposure 



0(f 37™ 41.62 s 

-33°43'00.4" 

ISOCAM 

November 23, 1996 
4.2 x 4.2 arcmin 
6" 

range: [5 - 8.5] fj,m 
range: [12 - 18] pm 
141 per filter 
2.1 s 
5 min 
5 min 



evolution of ISOCAM's dark current (Biviano et al. 1997). 
Cosmic rays were removed using a multi-resolution median 
filtering method (Starck et al. 1996| ) while the memory 
effects of the detector were corrected using the so-called 
IAS transient correction algorithm which is based on an 
inversion method (Abergel et al. 1996). The final raster 



was constructed after using the instrumental flat fields 
and correcting for the lens field distortion. These methods 
and their consequences are discussed in detail in Starck et 
al. ( |1998D . 

The ISOCAM LW2 filter mainly samples mid-IR flux 
originating from the Unidentified Infrared Bands (UIBs), 
centered at 6.2, and 7.7 fim. This feature emission is at- 
tributed to stretching modes of 2-dimensional molecules 
(often called polycyclic aromatic hydrocarbons, or PAHs) 
having C-C and C-H bonds. It may also contain some con- 
tribution from the long wavelength blackbody tail of the 
stellar photospheric emission. The LW3 filter though, is 
almost two times wider than the LW2 and it is principally 
sensitive to the presence of the thermal continuum emis- 
sion of very small grains. Regions of massive young stars 
can heat very efficiently the surrounding dust grains and 
create a strong thermal mid-IR continuum (i.e. Vigroux 
et al. 1996). This continuum appears at 12 pm, its slope 



steepens as the intensity of the ionizing field increases, and 
it dominates the mid-IR emission up to 18 pm (the long 
wavelength detection limit of ISOCAM). Several forbid- 
den lines and few UIBs may also appear in the wavelength 
range covered by LW3, but their contribution to the total 
flux is usually negligible when the thermal continuum is 
present. 

3. The Morphology of the Mid-IR Emission 

As one can observe from Fig. [l], despite of not being de- 
tected in the IRAS 12pm and 25pm bands (upper limits 
of ^0.1 Jy in both bands), there is mid-IR emission from 
the Cartwheel group (see Table ||) and it displays an in- 
teresting spatial distribution. In the following subsections, 
we discuss the morphology and nature of the mid-IR emis- 
sion from the two companions, the outer star forming ring 
of the Cartwheel, as well as from the central regions of the 
ring galaxy. 



3.1. The Companions 

The morphological types of the two nearby companions of 
the Cartwheel are distinctly different. The eastern com- 



The ISOCAM data presented in this paper were analyzed 
using "CIA", a joint development by the ESA Astrophysics 
Division and the ISOCAM Consortium led by the ISOCAM 
PI, C. Cesarsky, Direction de Sciences de la Matiere, C.E.A., 
France. 
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Fig. 1. a) Contour map of the ISOCAM LW2 emission overlaied on an HST wide I band image. The contour levels 
are from 0.1 to 0.5 mJy/pixel with a step of 0.05 mJy/pixel. b) Contour map of the ISOCAM LW3 emission overlaied 
on the same HST image. The contour levels are 0.2,0.3,0.4,0.6,0.8,1,1.2 and 1.4 mJy/pixel. North is up and East is 
left in both images. 



panion (G2) is an early type SO gal axy. N o Hi is directly 
associated with this galaxy (Higdon 1996| ) and no st ar for - 



1991) . 



mation activity has been detected (Amram et al. 
On the contrary, the western companion (Gl), a late type 
galaxy with somewhat irregular spiral arms, has 2.7xl0 9 
Mq of Hi and emits strongly in Ha, which indicates the 
presence of a y oung stellar population (see Fig.l of Am- 
ram et al. 1998 ). The LW2 fluxes of the two galaxies, pre- 
sented in Tabic ||, are weak but very similar. This is not 
true though for the LW3 emission where only the western 
companion (Gl), is detected. 

This contrast on the LW2 over LW3 emission from the 
two companion galaxies is in agreement with our current 
understa nding of the typical mid-IR signature in galaxies 
(Vigroux 1997). In early type galaxies the mid-IR emis- 
sion is dominated by the old stellar population. The LW2 
flux is typically 6 times stronger than the LW3 emission 
which is consistent with temperatures of ^5000 K (Mad- 
den 1997). Since the LW2 emission of G2 is just ~4 times 



stronger than the rms noise of the LW3 emission any ex- 
pected stellar contribution to the LW3 filter measurement 
would be below our detection limit. The ratio of LW3 to 
LW2 flux of Gl is ~1.4, a value found in most normal late 
type galaxies. 

3.2. The Cartwheel Outer Ring 

Our ISOCAM observations reveal that one-third of the 
circumference of Cartwheel's outer ring is detected in the 



LW2 band (see Fig. |l|a) . The detected segment of the ring 
corresponds to the brightest part of t he op tical ring as 
defined by the Ha image of Higdon ( |1995|) . More than 
80% of the total Ha flux from the Cartwheel outer ring 
originates from its south-eastern segment. About 60% of 
the LW2 flux from the outer ring comes from a hot-spot 
in the ring, unresolved to our observations, which corre- 
sponds t o the position of two large H n region complexes 
(Higdon |l995| ). 

Interestingly, in the LW3 filter, only the hot-spot is 
detected in the outer ring (Fig. ||b), and the only other 
emission from the Cartwheel is from the central regions 
(see Table ^ and discussion below). The LW3/LW2 flux 
ratio, often used as a diagnostic of the intensity of the ra- 
diation field, of the hot-spot is 5.2, a value which is among 
the highest detected in all interacting galaxies of the CA- 
MACTIV sample. For comparison, the highest LW3/LW2 
flux ratio detected in the interacting galaxy NGC 4038/39 
is only 2.6 and it is found in the region where the two 



disks overlap (Vigroux et al. 1996; Mirabel et al. 1998). 

The lack of detection in the LW3 filter from regions 
of the ring other than the hot-spot is intriguing. What is 
clear is that if the rest of the ring had the same ratio of 
LW3/LW2 (i.e. 5.2) as the hot-spot, then it would have 
been easily detected in the LW3 band. Therefore, using 
the rms noise of the LW3 image, as well as the total LW2 
flux of the ring (excluding the hot-spot - see Table ||) , we 
set a 2(7 upper limit on the LW3 to LW2 ratio of 1.45 in 
the optically bright regions away from the hot-spot. What 
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could be responsible for the difference in flux ratio for the 
hot-spot, as compared with the other ring regions? 

A clue as to why the hot-spot is different comes from a 
comparison with radio and optical observations. The hot- 
spot coincides with the peak of the 20cm and 6cm radio 
continuum emission from the ring, and, unlike the rest of 
the outer ring, shows a sudden drop in H I surface density 
at that point (Higdon 1996 ). Assuming that Hi absorp- 
tion is not responsible for the drop in H I surface density, 
then this suggests that most of the cool gas in the hot-spot 
region is either ionized and/or has already been converted 
into stars. The very powerful UV radiation field in the 
hot-spot implied by its radio and Ha emission - the Ha 
surface density is at least a factor of 3 times higher there 
compared with the other regions of the ring (Higdon 1995) 
- would be expected to illuminate a larger volume of in- 
terstellar grains, thereby boosting the thermal continuum 
at longer wavelengths sampled by the LW3 filter relative 
to the shorter wavelength PAH-dominated LW2 emission. 
For an idealized spherical H n region of radius R, its vol- 
ume is proportional to R 3 while the volume of the asso- 
ciated photo-dissociation-region (PDR) which has a shell 
shape would vary as R 2 . Hence, the filling factor of the 
H II regions in a given giant molecular cloud of the ISM 
would increase with a higher rate than the correspond- 
ing the PDRs. Moreover, in a strong UV environment, 
the dissociation of PAH molecules would further dimin - 
ish their contribution to the LW2 flux (i.e. Vigroux I996| ). 
These factors can provide a simple explanation for the 
larger-than- normal ratio of LW3 /LW2 in the hot-spot re- 
gion based purely on a difference in the strength of the 
local radiation field. 

An explanation for the variable ratio of LW3/LW2 
fluxes in the ring may be a purely geometrical one. It 
is likely that the very strong star formation in the south- 
western segment of the ring is sufficient to create local 
galactic fountains which would lift dust grains to large 
vertical disk scale-heights, the typical size of which can 
be calculated (i.e. Tenorio-Tagle & Bodenheimer ( 1 988Q . 
Based on the 20cm radio continuum flux the type II super- 
nov a (SN ) rate on the outer ring is fisN — 0.1 yr^ 1 (Hig- 
don 1996|) . Since the density wave is propagating with ^40 
kins -1 across the disk, for an instantaneous burst model 
the total number of supernovae created on the outer ring 
of the Cartwheel (~5kpc in width) is ~10 7 over a period 
of 1 .2xI0 8 yrs. Assuming a typical energy output per su- 
pernova of 10 51 ergs, an ISM density of I cm~ 3 , and that 
the SN are uniformly distributed on the ring, we estimate 
a vertical scale up to ^4kpc (see Tenorio-Tagle & Bo- 



denheimer 1988, section 3.1 .1). The previous calculations, 
though rough, since they do not consider the finite thick- 
ness of the galaxy disk, clearly suggest that the gas/dust 
of the ring will be distributed in a torus-like shape. 

This "puffing" of the ring in combination with the stel- 
lar winds of the forming stars would result in making the 
star forming regions density bounded and diluting of the 



UV field in the local ISM. As distance from the H n regions 
increases vertically, the heating flux would be lowered, and 
the small grain emission (and as a result the LW3 flux) 
would decrease exponentially. On the other hand, since 
the LW2 band is dominated by thermally-spiked PAH fea- 
tures, its emission strength would decrease almost linearly 
to the heating intensity (Sauvage et al. 1996| ), making LW2 
stronger relatively to LW3. This could also explain why 
even though more than 95% of the detected star formation 
is clearly takin g plac e in the outer ring of the Cartwheel 
(Amram et al. 1998 ) the mid-IR fluxes of the outer ring 
and nuclear regions are comparable. 

Table 2. Mid-infrared photometry of the Cartwheel group 



Region 


Area 


LW2 


LW3 


LW3 
LW2 




arcsec 2 


mjy 


mjy 


Nucleus 


432 


3.6 ± 0.14 


3.8 ± 0.38 


1.1 


Hot Spot 


324 


1.4 ± 0.12 


7.5 ± 0.33 


5.2 


Ring (total) 


540 


2.3 ± 0.16 


8.9 ± 0.43 


(3.8) 


Cartwheel 


972 


5.9 ± 0.21 


12.7 ± 0.57 


(2.2) 


Gl 


324 


1.3 ± 0.12 


1.9 ± 0.33 


1.4 


G2 


324 


1.6 ± 0.12 


< 0.3 


< 0.2 


RMS/pixel 




0.04 


0.11 





3.3. The Inner Ring and Nucleus 

Until recently, it was believed that the outer ring of the 
Cartwheel was the only one that showed sign s of star 
form ation activity (Fosbury & Hawarden 1977] ; Higdon 
|l995 ). However, our new observations show conclusively 
that the inner ring is strongly detected with ISOCAM. 
The low spatial resolution of our images does not allow 
us to resolve the inner ring and dust lanes observed by 
HST around the nucleus of the Cartwheel (Struck et al. 



1996). Although centrally concentrated, the emission from 
the central regions is resolved and a faint filament of LW2 
emission extending to the west of the nucleus follows one 
of the "spokes" seen in the optical images. However, it 
was initially a surprise for us to detect such a strong sig- 
nal from the center of the Cartwheel, which had previously 
been believed to be almost devoid of nuclear activity (Fos- 
bury & Hawarden 1977, Higdon 1995). The center of the 
Cartwheel exceeds the outer star-forming ring by a fac- 
tor of 1.6 in the LW2 filter while it has 0.4 times the flux 
of the outer ring in the LW3 filter. The nuclear region 
has mid-IR colours similar to those of late type galaxies 
(LW3/LW2 = 1.1, see Table |), although optically, it has 
very red colours suggestive of an older stellar population 

(Struck et al. |l996[ ). 

We have mentioned that Amram et al. ( 1998| ) have re- 
cently detected low-level Ha emission from the Cartwheel 
center, a result confirming other independent observations 
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(Higdon priv. comm.). If one assumes that the Ha emis- 
sion originates in normal Hn regions, could the observed 
LW3 emission be explained in terms of warm dust heated 
by young stars? We can estimate the amount of LW3 flux 
produced by star formation in the nucleus if we use the 
LW3 to Ha correlation found in M51 (Sauvage et al. 1996| ). 
Supposing that the Ha flux detected by Amram et al. 
( |1998| , see Fig. 1), is distributed over the inner ring an- 
nulus (area ^170 arcsec 2 ) of the Cartwheel and that typ- 
ically LW3/Ha ~ 30, we find that the predicted LW3 is 
about 3.5 mJy , which is of the same order as the ob- 
served LW3 emission from the Cartwheel center. Hence, 
it appears that despite its rather low-intensity, star for- 
mation activity from the Cartwheel center is sufficient to 
heat the dust and produce the observed mid-IR emission. 

Another possible source of dust heating in the nuclear 
region could be attributed to th e infal l of gas clouds. This 
was proposed by Struck et al. ( 1996 ) based on the mor- 
phology of kiloparsec size, cometary-like structures with 
blue luminosities in the range Tl-1.7xl0 40 ergss _1 , de- 
tected in the edge of the inner ring. An order of magnitude 
calculation by the authors suggests that the dissipation of 
the kinetic energy of the accreting clouds via shocks, would 
be ^10 ergss -1 , sufficient to generate a fraction of the 
observed blue luminosities. 



4. Conclusions 

We have obtained mid-IR ISOCAM broad-band images 
of the Cartwheel group and comparing our data with our 
sample of normal and active galaxies we were able to draw 
the following conclusions: 

1) A large segment of the outer ring is detected in the 
LW2 filter which is mainly dominated by thermally-spiked 
PAH emission bands, while at longer wavelengths (LW3 
filter), where the emission is primarily due to dust grains 
in nearly thermal equilibrium, the main source of emission 
originates from a single hot-spot in the ring associated 
with a particularly bright complex of H n regions. The 
hot-spot has an exceptional mid-IR broad-band diagnostic 
ratio LW3/LW2 of 5.2 which is among the highest of any 
region in the CAMACTIV sample and is different from 
other regions of the ring. 

2) A large fraction of the mid-IR emission is associated 
with the inner ring and nucleus of the Cartwheel, in stark 
contrast to that expected from optical emission-line stud- 
ies (where most of the line emission originates from the 
outer ring). Recently faint Ha emission has been detected 
from the inner ring and it is possible that this may be 
due to a low- level star formation which heats the grains. 
However, in order to explain why the nuclear emission is 
so powerful compared with the outer ring at ISOCAM 
wavelengths, it seems that the dust of the outer ring must 
be spatially distributed very differently. One possibility is 
that the grains in the outer ring experience a significantly 
diluted UV radiation field because they are lifted out of 



the disk by stronger stellar winds. Alternatively, the nu- 
clear regions may be heated by a very different process 
than the outer, for example shock waves from infalling 



clouds (Struck et al [19961 ). 

3) The mid-IR emission from the two companions is 
typical for their Hubble type. 

Even though our observations shed some more light to 
the properties of the hot dust in the Cartwheel galaxy, the 
amount and spatial distribution of the cold dust remain 
uncertain. The 100 jim IRAS flux of the galaxy is 1.6 Jy 



but previous efforts to detect CO emission (Horellou 1995) 
were unsuccessful, setting an upper limit to the H 2 mass of 
1.5 I0 9 M Q . Could this be explained by the low metallicity 
of the system, by its intrinsically low molecular gas content 
or simply by the large distance of the Cartwheel? Where is 
the peak of the spectral energy distribution in this galaxy? 
Deep sub-mm and mm wave observations which are sched- 
uled in the near future should enable us to address these 
questions. 
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